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Abstract-The parameters of the active state and the seriestlastic component of the Hill muscle model were 
estimated for the human calf muscles by means of a ‘torque plate-on seven normal subjects. Together with the 
results of the calferSometer experiments (Part II) this yields the complete set of parameters for the EMG to 
force processor based on the Hill model (Part I). 
The accuracy of the processor was assessed by means of a set of severe test contractions in which the 
subjects tilted on one foot at various velocities (slow to as fast as possible). The mechanical work j M$ dr and 
the integrated torque 5 M dr were calculated for these contractions. M being the torque calculated by the 
EMG processor and Cp the measured angular velocity. These values of the work and the integrated torque 
were compared to those obtained with the measured torque M, instead of M. 
The relative error, for positive work, negative work, and integrated torque was + 6.2”” + 14’; (means + 
s.d.). Data on the peak values of M - M, are also given. 
INlRODUCTlON 
In Part I of this series (Hof and Van den Berg. 1981a) 
we introduced EMG to force processing by means of 
an electrical analogue of the Hill muscle model for the 
human calf muscles. The parameters were given in 
Table 1 of that paper. Part II (Hof and Van den Berg. 
198lb) was devoted to the estimation of the para- 
meters by means of a calfergometer. However, as the 
calfergometer was not stiff enough, the determination 
of the parameters fl and K of the series elastic 
component was not posssible with this instrument and 
this meant that the determination of the parameters s2 
and T~ of the active state could only be provisional. 
In this paper we will study the estimation of these 
parameters by means of a very stiff torque recording 
device designed for this purpose. which we called a 
torque plate. For thisestimation we will use fast tilting 
contractions and very brief isometric contractions. 
This study completes the estimation of the para- 
meters of the analogue and makes it possible to study 
its accuracy. The accuracy of the processor was 
determined by test contractions on the basis of tilting 
contractions; the subject stood on one leg on the 
torque plate and went up and down on the ball of one 
foot. In this type of contraction the calf muscle torque 
is large and it varies quickly, as well as the angle and 
angular velocity of the ankle. Because of this we 
considered it a severe test for the EMG processing 
method. The accuracy will be given in terms of muscle 
work W = j M#dt and integrated torque IT = j Mdt. 
by comparing measured values with processed values. 
l Receiwd in revisedform 9 April 1981. 
METHODS 
Torque p/are 
The torque plate (Fig. 1) is a small instrument without 
moving parts. The foot plate A, made from heavy 
125 x 50 x 4 mm U-profile steel, is welded to short vertical 
beams 9. which in their turn are welded to the horizontal 
beams C. mounted on a base plate. The beams B and C are 
made from 25 x 25mm hollow steel profile. Two pairs of 
strain gauges S are mounted on the vertical beams 9. They are 
connected in a full bridge circuit, in such a way that they 
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Fig. I. The torque plate : A, footplate, 9, vertical beams with 
strain gauges. S ; C, horizontal beams, mounted on baseplate. 
The foot can be fixed, for isometric contractions, by means of 
a flexible metal band D. fastening screw E and heel rest F. The 
instep is protected with a kather pad H, G. ankle axis: p. 
plane through ankle axis. 
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to the torque the foot exerts on the foot plate with respect to a 
horizontal axis in the plane p. which goes through the middle 
of the beams B perpendicular to the plane of the figure. When 
the ankle axis G. which goes horizontally through the 
malleolus medians, is positioned in plane p, the foot tor4ue 
with respect IO the ankle axis is measured. This can be 
checked in a simple way by having the subject seated, with the 
muscles relaxed, and pressing his knee down. If, doing so, the 
recorded torque remains zero, the foot has been positioned 
correctly. 
The torque plate can be used in two quite distinct ways, 
(al As an isometric torque recorder. For that use the foot is 
fixed. The subject can be standing or sitting When sitting, a 
kneepad, mounted on a frame on the base plate, can be 
installed. The fixation of the foot is quite firm and the torque 
plate itselfhas a high stiffness,ca. 7.1tYNm/rad. so that it does 
not bend more than 1 mm at the front at the highest torques 
encountered. 
(b) As a torque recorder in tilring movements, In this case 
the foot is not fixed. Only its correct place is marked and care 
is taken that it does not shift. The standing subject can now 
tilt, i.e. he can rise up and down on his toes, on one or two feet. 
The muscle torque exerted is measured by the torque plate, 
the joint angle by an electrogoniometer. The subject keeps his 
balance by holding on to a fixed horizontal bar in front of 
him. 
When the foot is lifted appreciably. the torque must be 
corrected for the changing position of the ankle (Fig. 2). When 
tilting the ankle G rotates around the (oblique) metatarso- 
phalangeal joint axis H (cf. Bojsen-MQller, 1978). As long as 
the angle of the ankle, 4, is near 90” the ankle axis is 
approximately in the plane p (Fig. 1) and the ankle torque is 
measured correctly, provided that the foot has been POS- 
itioned properly. The torque is equal IO the foot reaction 
force F times the lever arm d. the perpendicular distance 
between thisforceand theankleaxisc. When the heelislifted 
oli the footplate (with the toe flexors relaxed) the force F 
passes through H. At larger 4 the effective kver arm d 
becomes smaller. As a consequence the torque measured with 
respect to plane p, Mk = Fd (which is recorded by the strain 
gauges) is larger than the torque around the ankle M, = M 
(which is exerted by the calf muscles). The correction to be 
performed is thus 
M 
m 
= M’ d’ = M’ cos (4 - 90” + $0) 
“d m cos L(Io 
h 
(1) 
Fig. 2. Correction for the torque in tilting. Two positions of 
the (bare) foot are shown schematically: standing with the 
heels just off the torque plate (6 = 90”) and raised on the toes 
(4 = 90’ + Ad). G and G’, ankle axis; H, metatarsophal- 
angeal joint axis; F, body weight vector; d and d effective 
lever arm ; h = height of ankk above footsok ; p = plane as 
indicated in Fig. 1. For definition of $, see text. 
with 
11 
ILo = arctan ;. (2) 
In this h is the height of the ankle above the footsole when 
standing on flat feet. The lever arm d can best be found by 
measuring the ‘reference torque’ M_r = mgd. i.e. the torque in 
quiet standing on one foot, with the heel just olTthe foot plate, 
and dividing this by the body weight mg. The correction 
according to (1 )is performed automatically with an analogue 
electronic circuit, consisting of a cosine generator and a 
multiplier. 
The accuracy of M, depends in the first place on the correct 
positioning of the foot on the footplate. As long as it does not 
shift more than 0.5 cm forward or backward the resulting 
baseline error is under 5Nm (in the usual range of body 
weight). The tilting correction, equation (I ), can introduce an 
error if h or d is measured incorrectly, or if they change 
during movement. However, even a change of 20?, in hid 
results in only a moderate error, ranging from O:,; at 4 = 90’ 
to 8% at maximal rise (4 = 1 lo’). 
P mamefer estimation 
Fixed and individual paramerers accordirq to Parr II. In 
Part II we found that for a number of parameters fixed values 
could be used : 
active state, r, = 25ms: 
torque-angle velocity relation, b = I.2 rad s, 
n = 0.12. 
c =o; 
parallel elastic component, & = 8’. 
These values were also adopted for the subjects of this study. 
Other parameters required individual values: 
EMG gain factors, g1 and 9,: 
torque-angk relation, &andd, -&: 
paralkl elastic component, M, 
The individual values of thea parameters for the subjects of 
this study were determined with the methods described in 
Part II. but the torque plate and the correction unit were used 
instead of the calfergometer. The torque-angle relation was 
determined with some very slow tilting contractions, the 
stretch of the series elastic component was taken into 
accoun 1. 
Series elastic componenr paromerers ,!I arld K. The effective 
elasticity of the contrated calf muscles, and associated 
structures K’(M) = (dM/d#,),, (cf. Part I equation (7)l was 
determined from the resonant frequency of the vibrating 
system made up of this elasticity and the body mass. The 
subject stood on the torque plate with his heel(s) slightly lifted 
and moved up and down on his toes with a small amplitude 
and as fast as he could. In doing this he needs IO keep his knees 
straight and his body as stiff as possible, so that the 
movements are performed only by the calf muscles. He was 
allowed to hold slightly on to a fixed handle bar. 
The frequency of the fast oscillations IS about equal to the 
resonant frequencyj (Cavagna, 1970: Bach er al., 1979), for 
which holds (in rotational units): 
(3) 
in whichK’is theelfectivestitTness(in (Nmjrad)and mdz is the 
moment ofinertia of the body mass for these oscillations. The 
values of m and d are known from the preceding, cf. Table I. 
This oscillating’ method is a sliahtlv modified form of the 
‘elastic bout&-method of Cavagia (i970). It was ascertained 
that both methods gave virtually identical results when 
applied to the same subject, the oscillating method bein 
somewhat easier to perform and to work out. 
The effective elasticity K’is a function of the torque M (the 
passive torque can be neglected). If the experiment is done 
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with the subject standing on one foot the elasticity at 
M = IV,*, is found. If be stands on boib feet the stiffness found 
is equal to twice the stiffness at M = 4 M,d, because then two 
elasticities (viz. those of the calf murks of the left and right 
leg) are in parallel, each bearing half the referena torque. 
Elasticities at more levels of the torque can be found by 
loading the subject with extra weights. In this way, in 
principle, both &es elasticity parameters /? and K can be 
obtained, as (Part 1, equation 7) 
1 1 1 
-=-+K. K’(M) BM 
(4) 
Ache state parameters ~~ and 1,. These parameters were 
determined on the basis of ballistic isometric contractions. 
The foot was fixed to the torque plate and the subject was 
asked to perform isometric ‘twitches’, as short as posaibk. The 
EMGs and the measured torque of IO-30 ‘twitches’ were 
recorded on tape and played back with I~ set at 
IO-20-30-40ms and r, at 2~s. The processor twitches were 
compared with the measured twitches and the best setting 
was chosen. Especially the descending phase was considered, 
as it is solely dependent on the form of the active state. (The 
rising phase is also influenad by /?, K. 6, and a.) Immediately 
before and after the twitches the calf muscles should be 
relaxed, without EMG. The latter condition was rather 
difficult to fulfill for several subjects. In these cases part of the 
contractions had to be discarded. 
Final check. Tbe setting of the parameters was checked by 
comparing model torque and measured torque in some tilting 
movements performed as fast as possible. 
Test contracrions 
The test contractions for determining the accuracy of the 
processor consisted of three series of tilting contractions, in 
which the subject was instructed to move slowly (S), mod- 
erately fast (M) or as fast as possible (F) The maximum 
angular velocity about O-0.5, 0.5-1.5 and 1.5-4 rad/s. 
respectively: the number of contractions is given in Table 3. 
Statistical data are given for the complete series recorded, 
exapt for subject 4 where about a quarter of the contractions 
had to be discarded. This was due to artifacts or obvious 
antagonist activity, with EMG activity persisting after the 
measured torque had come to zero. 
Analysis of the accuracy 
The EMGs. the angle of the ankle and the measured torque 
were recorded on tape for later analysis. After the estimation of 
the proper individual values of the parameters the recordings 
were played back in order to determine the peak error 
(M - M,I,,,. the work W = 5 M@ dr and the integrated 
torque 17 = j Mdt. The peak error (positive and negative) 
was determined for each series of contractions in a speed 
range (S, M, F), separately for the conantric (positive vel- 
ocity) and the eccentric (negative velocity) phases. The 
reading-ofl uncertainty was ca. + 2 Nm. The work and the IT 
were determined both for the processor torque M and the 
measured torque M,. In this way, for each contraction, a 
measured (correct) value and a processor value were obtained 
for Wand IT. The digerena between these two values will be 
denoted as ‘error’. For the errors mean values and standard 
deviations were calculated for each subject and each speed 
range. This could be done as the range of the measured values 
for each speed range was not very wide: from 0.7 to 1.5 times 
the mean value at most. Two separate values for the work 
were determined. one for positive work (W’ ) and one for (the 
absolute value of the) negative work (W-), by integratrng 
over the phase of positive and of negative velocrty in one 
contraction respectively. They correspond to the upw,ard and 
downward movement in tilting. The 17 was integrated over 
the whole movement. 
The errors in W’. W- and II can be compared if we 
introduce the relative error (r.e.): (W’ - W:)/iV: and the 
equivalents for W _ and IT. It may be helpful to consider that 
the r.e. in the 17 is equal to 
(5) 
i.e. to the r.e. in M averaged over the duration of the 
contraction 7. This error measure is drfferent from the 
coefficient ofvariation E which was used in Part Il. but which 
cannot be used here because the tilting contractions are not 
isotonic (M, is not constant). 
The output of the analogue integrator was displayed 
(together with other signals of interest) by means of an 
Elema Mingograf recorder. Errors in the multiplication and 
integration circuit were less than the reading-off error which 
amounted to 0.5 or 1 J for the work and to 2 or 4 Nms for the 
Jr. depending on the scale factor used. The inaccuracy of W, 
and IT, is therefore mainly due to the inaccuracy of M,, 
which is always less than 8”, (see *Torque plate’ sectron j. 
Subjecrs 
The subjects were 7 healthy men. members of the labora- 
tory staff. Subject 4 is the same as subject 6 in Part II. the 
others did not participate in the calfergometer experiments. 
Data are given in Table 1. 
Paramefers 
RESULTS 
Figure 3 shows the results of the elasticity measure- 
ments. The effective compliance 1 ,K’ has been plotted 
as a function of 1 'M as suggested by equation (4). Data 
Table 1. Subject data 
Age Height 
Subj. Symbol (yr) (m) 
1 1.80 
2 1.83 
3 0 33 1.72 
4 X 32 1.92 
5 77 20 2.02 
6 n 46 1.79 
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Fig. 3. Oscillating experiments, standing on one or both legs. 
ElTective compliance l/K’as a function of inverse torque 1,/M. 
The symbols refer to the subjects (see Table 1). For subject 4 
some data are included which were obtained by girding him 
with skin divers’ lead belts, with a total weight of 23 kg. l : 
ResultsofCavagna (1970); average offive subjects. For other 
symbols see Table 1. 
of Cavagna (1970) are included for comparison (aver- 
ages of 5 subjects of 67-77 kg. d estimated by us at 
12cm). They are in the same range as our data for 
subjects of comparable weight. It can be seen from Fig. 
3 that the determinations of K’(M) were not suf- 
ficiently precise to provide an assessment of both the 
logarithmic elasticity parameter /? and the linear elas- 
ticity parameter K. even if measurements were in- 
cluded in which the subjects were loaded with extra 
weights. The main source oferror is probably that it is 
difficult for the subjects to keep their legs and trunk 
stilt to such a degree that the calf muscles are in fact the 
only elastic structure participating in the mass-spring 
system. It is also difficult to actuate the calf muscles at 
exactly the resonant frequency. In a first approxi- 
mation we used the largest value of K’ at M = M,,r.. 
The parameter values for /3 and K were considered 
in more detail, on the basis of a series of fast tilting 
contractions. Figure 4 gives one contraction from 
such a series at different parameter values. Figure 4h 
shows that if the SEC is left out of the muscle model 
the error is very large. In Figures 4 a, b. c. d /? and K 
are varied in such a way that the effective elasticity K’ 
at Mrcr is constant at the value derived from the 
oscillating experiments. The conclusion can be drawn 
that neither an entirely logarithmic (Fig. 4a). nor an 
entirely linear (Fig. 4d) SEC characteristic gives satis- 
factory results. For /I = 10 or 20 rad- ’ the diflerences 
are small (Fig. 4b.c). On inspection of the tilting 
recordings of the other subjects, too, we decided to 
adopt a fixed value of p = 20 rad- ’ for all subjects. 
This gives a variable value for K, which can be 
calculated from equation 4 as K = (l/K’ - I//?M,,,)- ’ 
with /I = 20 rad-‘. The values for /? and K thus 
obtained proved to be satisfactory for all subjects. 
Figures 4e. f, g show that K values corresponding to K’ 
twice as small (Fig. 4e) or twice as large (Fig. 4g) as the 
oscillating’ value of 380 Nm/rad give a clearly distorted 
processor M. The value of K’ was not too critical, 
however: differences of 25% were just noticeable. The 
measured values for K’(M,,,) and the derived values 
for K and /? are listed in Table 2. 
The outcome of the estimation of the active state 
parameters To and I~, with ballistic isometric con- 
tractions. was that for each of the seven subjects T* 
= 30ms and rJ = 60ms was satisfactory. Figure 5 
gives an example of a recording of two contractions for 
three values of TV and T, = 2r,. In practice the 
evaluation was done on the basis of several dozens of 
recordings. Because the form of the recorded ballistic 
contractions was somewhat variable, this meant that 
the differences due to difTerent values of TV and rJ were 
on the average less evident than might be concluded 
from Fig. 5 alone. We thought it not necessary to try 
the intermediate values in the series l@-20-30-40 for 
?*, or to change the ratio r2 :T~ = 1 :2. because some 
trials in this respect resulted in ditTerences which were 
hardly noticeable. 
The values found for the torque-angle parameters 
4, and &1 - d2 and for the PEC parameter M, are 
also listed in Table 2. They can be compared to those in 
Table 3 of PartII, with some reservation concerning 4, 
because the value of this parameter depends on the 
values adopted for fl and K, as discussed in Part II. 
Table 2. Individual parameter values. For ail subjects: T, = 25ms, b = l.Zrad/s. n = 0.12. ( = 0. .\I( 






Torque-angle SEC PEC 
& 4,-4r ’ P 
MegI (deg) (N&ad) @ad- ’ ) (NmTrad) 
M,, 
(Nml 
1 30 60 129 2s 720 20 1200 3.1 
2 30 60 137 25 400 20 500 5.0 
3 30 60 127 20 550 20 800 3.5 
4 30 60 136 40 900 20 2000 3.5 
5 30 60 131 25 750 20 1200 4.0 
6 30 60 132 20 380 20 500 2.2 
7 30 60 131 30 450 20 600 2.0 
____~.~ --____ ~.__ 
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Accurac) 
Figure 6 shows the recordings of some tilting 
contractions at various velocities for one subject. It is 
remarkable that the apparently irregular and Ructuat- 
ing EMG can be transformed by the processor to a 
torque signal M which follows the measured torque 
Mm quite closely. It can also be noted that the 
maximum values of the mean rectified EMG U 
increase considerably with the speed, while M remains 
approximately of the same magnitude. The peak error 
of the processor torque, (M 2 N,),,,, is given in 
Table 3. 
Figure 7 gives the work obtained from the processor 
as a function of the measured work. For reasons of 
clarity only the mean and the standard deviation of 
the processor work are given as a function of the mean 
measured work for each group ofcontractions, a group 
consisting of the contractions of one subject in one 
speed range. Figure 8 gives the corresponding diagram 
for the IT. 
From Figs. 7 and 8 it can be seen that on the 
whole the larger W or IT, the larger the error. 
Therefore we studied the relative error (r.e.), 
(W’ - W,+ )JW: and its equivalent for W- and 17, 
for IWI>lOJ and IT>30Nms. For all 657 data 
points considered, the average r.e. amounted to 
+ 6.2% and the standard deviation of the r.e. amoun- 
ted to 14”;. There was no significant difference 
between the r.e. of W’, W- or 17 (variance analysis, 
p>O.Ol). Figure 9a gives the histogram. It could be 
shown that the r.e. had a normal distribution (l* test. 
p > 0.02). It must be noted that this average and s.d. are 
overall features. In fact the total sd. is made up of both 
the s.d. within the groups of contractions (ranging 
from 3”~; to 13%) and the s.d. of the group averages. 
which amounted to 117;. This is a consequence of the 
fact that the group averages are significantly different 
from each other (and from the general average + 6.2”,). 
even within the same subject (variance analysis. p 
<O.Ol ). This is illustrated in Figs. 7 and 8 : the sd. 
within the groups (lengths of the bars) can be relatively 
small. while the group averages (symbols) show a 
considerable scatter. The histogram of the group 
averages is shown in Fig. 9b. These averages had a 
normal distribution too (x2 test. p > 0.8). 
DISCUSSlO\ 
Paranwtrrs 
A comparison of Fig. 4c or 4f and Fig. 4h shows 
unambiguously the importance of the series elastic 
component in the Hi!! muscle mode!. The elastic 
bounce, or oscillating method (Cavagna. 1970). yields 
useful values for the effective elasticity of the SEC. The 
values of K’ at different M (Fig. 3) suggest that the 
muscle elasticity is indeed a function of the torque, and 
that the representation of this elastictty as a com- 
bination of a logarithmic part (parameter fl) and 
a linear part (parameter K) is reasonable. This is also 
suggested by Figs 4(a. b. c and d). The SEC 
parameters, obtained from the elastic bounce method, 
gave good results when used in the muscle mode!. 
partly because the choice of K was not very critical. 
It is interesting tocompare the elasticity of the whole 
calf muscle group with that of the muscle fibres alone. 
Experiments on isolated muscle fibres (Ford. Huxley 
and Simmons, 1977; Stienen, Blange and Schnerr, 
1978) show that the elasticity dF/d/ of the fibres alone 
is equal to aF/I,, woth F the active muscle force. I, the 
optimum fibre length and a a constant between 80 and 
100 (i.e. 12-15 nm per half sarcomere). Adopting the 
values estimated in Part II (the ‘Torque-angle para- 
meters’ section) for the fibre length of the soleus (1, = 6 
cm) and the lever arm with respect to the ankle (5 cm). 
the stiffness due to the muscle fibres alone is between 
7000 and 8500 Nm/rad at M = 100 Nm. Because the 
measured K’ values are much lower (400-1000 Nm 
rad. Table 2). this leads to the conclusion that the 
compliance of the calf muscles is located only to a small 
extent in the muscle fibres themselves but by far the 
greater part in the calcaneal tendon and the numerous 
aponeuroses This is quite imaginable; soleus and 
gastrocnemius are 30-40 cm from origin to insertion. 
while their fibres are only 6 cm long. Maybe the 
pennate arrangement of the muscle fibres also contri- 
butes to the effective compliance. The elastic stretch at 
M = M,,(, with the ca!f muscles bearing full body 
weight, amounts to 1.5-2 cm at the tendon for the 
subjects studied. This value is dependent on the values 
adopted for fl and M, but it seems not unreasonable 
when compared to stretch measurements on the 
human Achilles tendon (Abrahams 1967). 
The outcome of the determinations of the active 
state time constants r2 and 73 was that they were the 
same for all subjects investigated; r2 = 30ms and ~~ 
= 60ms. From this we considered that these values 
can be adopted as standard values for normal subjects. 
Table 4 gives a survey of the parameter estimation. 
Among the fifteen parameters three groups can be 
discerned. Nine parameters can be given - as far as 
can be seen - fixed values for the calf muscles in 
normal subjects, Four others. the torque-angle para- 
meters 4, and 4, - &*. the SEC parameter K and the 
PEC parameter M,,, are dependent on the subject. but 
they can be assumed constant for the same subject. In 
fact. several subjects were studied in more than one 
session and the parameters retained the same values. 
Finally. there remain the two EMG gain factors y, and 
yp which depend on the precise electrode placement. 
Therefore they have to be determined at each experim- 
ental session. On the basis of these considerations a 
calibration procedure can be drafted for the use of the 
EMG processor in kinesiological experiments. 
Quasi-static EMG-torque relation ar large torques 
The experimental finding that. in static and quasi- 
static isometric contractions. the mean rectified EMG is 
linearly proportional to the muscle torque (Hof and 
Van den Berg. 1977) was the starting point for the 










































































































































































































































































































































































































































































































































































































































































































































































































































20 30 W,,,lJI LO 
measured v.mk 
--30 
Fig 7. Roasssot petformana, results of all tilting experiments: calculated positive and negauve uork as a 
function of measured work. The results are taken together according to the speed in the positrve phase: S 
(0-O.Srad/s), M (0.5-1.5 rad/s), F( > 1.5 rad/s). The bars give mean calculated work + standard deviation of 







100 200 300 LOO INms) 500 
measured IT 
Fig. 8. Processor performance, results of all tilting experiments: calculated IT as a functron of measured I7 
for the total contraction. For symbols see Fig. 7 and Table 1 







1. ?-Jffli-Mt,. O ‘-Lo -20 0 l 20 40 40 (‘4 
Fig. 9. Histograms of the relative error of W+. W- and 17 
combined. for aIt subjects. (a) All tilting contractions with 
1 W 1 > IO J and IT > 30 Nms. Dotted curve : normal distri- 
bution with mean + 6.2”, and sd. 149,. (b) Averages of the 
groups of tilting contractions (cf. Figs. 7 and 8). (c) Quasi- 
static isometric contractions; IT only, integrated over 
periods of 1 s. 
for dynamic contractions. The assumption to be made 
was that there is a linear relation between mean 
rectified EMG and active state. Several authors, 
however, reported a more than proportional (e.g. 
quadratic) increase of the mean rectified EMG. with 
isometric force in some muscles. It was already pointed 
out by Bigland and Lippold (1954) that this effect 
might be due to an internal shortening of the muscle 
fibres at the expense of the elastic structures. Due to 
the force-length relation this would result in a lower 
force at a given active state. i.e. at a given EMG. In this 
way a non-linear EMG-force relation might very well 
be compatible with a linear EMG-active state rela- 
tion. In the present experiments we had available the 
parameters of both the torque-angle relation and the 
series elastic component. SO we could check the 
correctness of this explanation for the calf muscles. 
Figure 1Oa shows the non-linear relation between 
mean rectified EMG U (from soleus and gastroc- 
nemius) and measured torque M, for subject 6. This 
subject was well suited to demonstrate this effect 
because he had a low SEC stiffness (K = 500). a steep 
torque-angle relation (4, - &2 = 20’) and a high 
maximal torque (M, = 150Nm max.). (In the other 
subjects the non-linearity was much less.) In the muscle 
model the effect of internal shortening is automatically 
accounted for. From Fig. lob we see that this elTect is 
sufficient to explain the non-linear EMG-torque 
relation of Fig. 1Oa. 
In Fig. lob there is still some discrepancy between 
the model torque and the measured torque when 
increasing and decreasing. It must be borne in mind 
that this can be due to a very slight inaccuracy in the 
ankle position 4: an error of f 2’ in 4 results in an 
error of + 0.1 inl(c%,). As the torque-angle factor./’ 
is reduced to 0.65 at 4 = 120’. this can make the model 
torque M 20 Nm too high or too low. This emphasises 
that the assessment of 4, and 4, - 42 needs to be 
done carefully and that in isometric experiments the 
fiwation of the foot is very critical. It will be clear that 
this effect has to be accounted for in determining grand 
gr It proved to be good practice to perform this 
calibration twice, first with the other parameters set at 
provisional values. and again after the determination 
of$, and 4, - cj2. 
accounted for in determining g, and gc It proved to be 
good practice to perform this calibration twice. first 
with the other parameters set at provisional values. 
and again after the determination of6, and 4, - dzfl 
Accuracy 
In the tilting contractions the velocity varied from 
very low to the highest the subject could attain at the 
given load, 211radfs. In the high speed contractions 
the torque could fluctuate between zero and 1.5 Mrcl 
(cf. Figs. 4 and 6). Therefore a series of tilting 
contractions can be considered a severe test for the 
EMG processing indeed. One point could be raised: in 
these contractions the concentric phase. muscle shor- 
tening, always comes first. In many natural move- 
ments. e.g. walking. an eccentric phase. muscle stretch- 
ing. precedes the concentric contraction. Experiments 
with these eccentric-concentric contractions will be 
reported in Part IV (Hof and Van den Berg. 1981~). 
The values of the peak error (M - A!,),,,,. Table 3. 
give an idea of the fluctuations in (M - 54,) during a 
series of contractions. This table can be compared to 
Table 5 of Part II. We see that the peak errors in the 
present experiments are roughly twice as large as those 
in Part II. The main cause for this is presumably that 
the maximal torque was considerably larger in the 
tilting experiments: 80-180Nm instead of 56Nm in 
the calfergometer experiments. Another factor can be 
that the SEC elasticity turned out to be higher in this 
study than assumed in Part II. This leads to larger 
fluctuations in M because of a less effective low-pass 








Fig. 10. ElTect of the SEC at large isometric torques. (a) Input 
of the processor: mean rectified EMG U as a function of 
measured torque M, showing a deviation of linearity at high 
torque. (b) Output of the processor (taking into account the 
stretch of the SEC). The curves were plotted with an X-Y 
recorder, with X and Y signals filtered by a RC low-pass filter 
(5 Hz 48 dB/oet). Subject 6. model parameters see Table 2. 
filtering of the noisy rectified EMG (cf. Part II. ‘Errors’ 
section). 
As a quantitative measure of the accuracy. the peak 
error alone is not sufficient. For this measure we need 
data that refer to the performance of the processor 
during the whole contraction (and not to incidental 
peaks only). The results of this comparison should be 
practical and easily interpretable. This is the reason 
why we have measured the accuracy of the processor 
during a single contraction by comparing work and 
integrated torque from the processor with the mea- 
sured values. We saw from equation 5 that the relative 
error (r.e.) in IT was equal to the r.e. in M. averaged 
over the duration of the contraction T. The choice of 
the work, W+ and W -, was of a more practical nature. 
as results of the processing will often be given in this 
quantity. Analogous to (5) it can be said that the r.e. in 
the work is equal to the r.e. in M$ averaged over the 
duration of the contraction. The finding that the r.e.‘s 
for W+, W- and 17 are equal. thus suggests that the 
processing error is not dependent on the velocity of 
contraction @. 
The aim of the experiments described here was to 
estimate the accuracy of the EMG to force processing 
method. If we assume that the tilting contractions 
make a sufficiently severe test. and that the group of 
subjects IS sufficiently representative, we can apply 
these measured accuracy data in situations where a 
comparison with the measured torque is not posssible. 
e.g. in walking. Thus in a single contraction the re in 
the work will be + 6”s + 14’; (mean f s.d.). If the 
results of several similar contractions can be averaged 
the r.e. can be reduced. but not below + 6”,, f 1 lo,,. 
the r.e. of the group averages The calculated accuracy 
applies to ) WI > 10 J and IT > 30 Nms. For smaller 
values of II’ or IT there are too few measurements to 
draw conclusions from. 
The accuracy being determined. it is tempting to 
speculate about the origin of the errors. We will 
distinguish three main sources of error: the torque 
measurement, the muscle model and the EMG. 
The torque plate. with the correction for the tiltmg 
movement. measures the ankle torque correct within 
5-8Nm. but it cannot separate the torque due to the 
soleus and gastrocnemius from that of their antag- 
onists. tibialis anterior and extensor digitorum lon- 
gus. By means of EMG monitoring it was confirmed 
that these muscles are generally not active in tilting. 
Only when the downward movement is very fast can 
there be a short activity pertod together with the calf 
muscles. The measured torque is then too low. Such 
cases often show up by the torque going negative after 
the calf muscle contraction. Such cases (e.g. for subject 
4) have been excluded from the analysis as much as 
possible. We therefore assume that antagonist activtty 
has not influenced the results. 
Some types of errors can be ascribed to an incorrect 
functioning of the muscle model. When at the be- 
ginning of a contraction the torque rises steeply. often 
the error signal A! - M, shows a distinctive positrve 
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peak (cf. Figs. 4 and 6). This peak may arise because the 
model torque M precedes the measured torque M, due 
to ‘slack’ in the muscle-tendon system (in the order of 
0.2 rad) which has to be overcome before the muscle 
can develop tension. This elect might be included in 
the muscle model, although it does not introduce large 
errors. Another finding is that M is often too high at 
negative velocities. even at c = 0. This effect, which is 
related to synchronous discharges in the EMG, has 
been described already in Part II, ‘Torque-angular 
velocity parameters’. When it occurs the calculated 
value of W- is too high (subjects 1. 3 and 4). When 
there is no such synchronisation (e.g. subject 6, cf. Fig. 
6) W- is too low. 
It seems that the accuracy of the EMG to force 
processing is largerly determined by the properties of 
the EMG itself. An indication for this is that the error 
in the EMG-derived torque for quasi-static isometric 
contractions is comparable to the error in dynamic 
contractions (see Fig. SC). This figure givesa histogram 
for the 1 T in quasi-static contractions between 20 and 
100 Nm and integrated over periods of 1 s, for all seven 
subjects of this study. The mean was + 5% (indicating 
a bias in the determination of g, and g,) and the s.d. 
150/d i.e. comparable to the values in tilting contrac- 
tions, obtained with the processor. 
An error source inherent to the surface EMG is 
crosstalk from adjacent muscles. When the soleus 
EMG is led off from the lateral side of the muscle, 
interference from the peroneus is common. If the 
electrodes are placed at the medial side, as we did. 
crosstalk is much less: it can come from flexor hallucis 
longus and from the flexor digitorum longus. In one 
subject this was observed. The problems are not very 
serious, however. The crosstalk manifests itself only 
when the soleus EMG.is silent ; the extraneous EMG is 
soon drowned in the much stronger soleus EMG. 
Cross-talk is shown by a ‘noisy’ baseline of the EMG 
and the torque, but the W and IT measurement are not 
affected markedly. 
The stochastic properties of the EMG give rise to 
fluctuations in the processor output. This should cause 
a random error I; without a systematic component, in 
W and 1 T. A crude estimate (Part II. equation 6) is t: 
= (4 BT)- ‘ 2, with B the effective statistical EMG 
bandwidth of 290 Hz and 7 the total averaging time, 
0.5 to 5 seconds. This gives a relative random error in 
the order of 2-6% i.e. lower than the value actually 
measured. Thus this lower limit for the r.e. is not 
reached in practice. 
The explanations given here cover only part of the 
systematic and random error encountered. There may 
be several other sources: the soleus and both gastroc- 
nemii have been taken together in one model with one 
set of parameters; the muscle length may be influenced 
by slight eversion or inversion of the foot ; the surface 
EMG of a large muscle can record the activity of only a 
part of the motor units, etc. 
It may be illustrative to compare the EMG to force 
processing method with the available cinematographic 
and force plate methods, A first point is the easy use of 
our method: after the calibration procedure the force 
and work data are produced on-line in the course of 
the movement to be analysed. Second. the EMG 
processing method can give the torque of only one 
muscle (or synergist muscle group). This is essentially 
impossible with the other methods for determining 
torques in the moving body. A third point concerns the 
error. Data on the accuracy of cinematographic and 
force plate methods are very scarce, Cappouo et al. 
(1976) is one of the few sources of these data. They 
estimate the random error (2 x s.d.) in the work of the 
calf muscles at about 2.5 J, the work itself being 8-12 J. 
The relative errors are thus of the same order of 
magnitude as those of the EMG processor. 
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NOMENCLATURE 
velocity parameter torque-velocity relation 
(rad’sl 

















equivalent statistical bandwith of EMG sIgna 
(Hz) 
parameter torque-velocity relation at negative 
velocities 
lever arm of foot ; perpendicular distance be- 
tween ankle axis and metatarsophalangeal 
joint axis (cm) 
effective lever arm of foot when standing on the 
toes (cm1 
resonant frequency of the body when standing 
on the toes (Hz) 
foot reaction force (N) 
torque-angle relation as a function of CC- 
length 4, (form as used in the model) 
torque-EMG ratio gastrocnemius 
ditto for soleus 
height of ankle above the lootsole (cm) 
integrated torque = j r Mdr (Nms) 
linear elasticity parameter SEC (Nmirad) 
efiective elastxity SEC at M = M, (Nm/tad) 
resting length of muscle (cm) 
body mass (kg) 
total torque. as computed by the proozssor 
(Nm) 
parameter of SEC = I Nm (Nm) 
measured torque (with correction. if necessary) 
(Nm) 
torque measured by torque plate without 
correction (Nm) 
active state (Nm) 












reference torque: torque m quiet standing on 
one leg with the heel just ON the floor (Nm) 
parameter torque-velocity relation 
time (s) 
rectified and smoothed EMG, gain set by 4, 
and g, (Nm) 
work done by the muscle = j M@dr. with h! 
computed by the processor (J) 
id. but calculated from the measured torque 
M, (Jk 
id. id. positive phase only (J) 
id. id. negative phase only (J) 
iogarthmic muscle elasticity parameter. anal- 
ogous to fi but expressed in force and length : 
dF/d/ = &F/I, . 
logarithmic elasticity parameter S&C (rad- ’ ) 
= AM/M,,, coefficient of variation, in isotonic 
contraction 
time constant EMG smoothing filter = 25 ms 
(ms) 
plateau duration active state (ms) 
time constant exponential decay of active state 
(ms) 
angle of the ankle joint (deg) 
= d@.ldr (rad,s) 
angle corresponding IO CC-length = 4 + 4, 
(de@ 
SEC stretch (rad) 
exponential constant PEC (deg) 
parameters torque-angle relation (deg) 
= arctg (h/d) (deg) 
